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Abstract
Jupiter and Saturn formed early, before the gas disk dispersed. The presence of gap-opening planets affects
the dynamics of the gas and embedded solids and halts the inward drift of grains above a certain size. A drift
barrier can explain the absence of calcium aluminium rich inclusions (CAIs) in chondrites originating from
parent bodies that accreted in the inner solar system. Employing an interdisciplinary approach, we use a µ-
X-Ray-fluorescence scanner to search for large CAIs and a scanning electron microscope to search for small
CAIs in the ordinary chondrite NWA 5697. We carry out long-term, two-dimensional simulations including
gas, dust, and planets to characterize the transport of grains within the viscous α-disk framework exploring
the scenarios of a stand-alone Jupiter, Jupiter and Saturn in situ, or Jupiter and Saturn in a 3:2 resonance. In
each case, we find a critical grain size above which drift is halted as a function of the physical conditions in
the disk. From the laboratory search we find four CAIs with a largest size of ≈200 µm. Combining models
and data, we provide an estimate for the upper limit of the α-viscosity and the surface density at the location
of Jupiter, using reasonable assumptions about the stellar accretion rate during inward transport of CAIs, and
assuming angular momentum transport to happen exclusively through viscous effects. Moreover, we find that
the compound gap structure in the presence of Saturn in a 3:2 resonance favors inward transport of grains larger
than CAIs currently detected in ordinary chondrites.
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1. INTRODUCTION
In the young solar system, planets formed out of the proto-
solar accretion disk that contained a mixture of gas, dust, and
ices. While most material was either accreted by the young
Sun or recycled to the molecular cloud through outflows, a
small percentage became the building blocks for the planets
or was left over in a debris disk that evolved into the aster-
oid and Kuiper belts we observe today. The evolution, dy-
namics, and concentration of dust in the protosolar accretion
disk are crucial ingredients in understanding how the solar
system architecture was created. The dynamics of dust grains
is dictated through friction forces by the relative velocity to
the gas, and small dust grains will follow the gas flow, while
larger grains decouple from the gas. In general, in a proto-
planetary disk the gas pressure is monotonically increasing
toward the center of the disk, resulting in an outward pressure
gradient force canceling part of the gravitational pull and a
slightly sub-Keplerian gas rotational velocity. In contrast, the
nearly collisionless dust would rotate with Keplerian veloci-
ties if interactions were absent. But friction forces between
gas and dust result in a constant headwind on the dust grains,
a drain of their angular momentum, and a rapid in-spiraling
motion for millimeter- to meter-sized objects on a time-scale
of thousands of years, leading to the so-called drift barrier for
smaller bodies and pebbles (Weidenschilling 1977a; Goldre-
ich & Tremaine 1980).
In general, the formation of gas giants has to happen while
significant amounts of gas are still present in the accretion
disk, implying that friction forces between gas and dust are
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still important at this stage. Specific to the solar system, the
core of proto-Jupiter probably had enough gravitational pull
to exert a large tidal perturbation on the disk and induce strong
trailing shocks. Through transport of angular momentum and
accretion it would deplete its orbit of material and thereby
perturb the structure of the disk and create a gap (Lin & Pa-
paloizou 1979; Goldreich & Tremaine 1980) already at early
times. In a viscously evolving disk, the gap cannot be com-
pletely devoid of gas, and there remains an accretion flow
through it (Lin & Papaloizou 1986; Artymowicz & Lubow
1996). Small grains remain well coupled to the gas and will
be transported through the gap together with the gas. Fric-
tion forces between gas and larger grains will concentrate the
grains in a local maximum in the gas pressure that develops
just outside the gap and inhibit their passage through the gap
(Whipple 1972). The formation of a large planet will there-
fore both change the gas structure and act as a trap for larger
dust grains, with a size-dependent efficiency.
Evidence from primitive meteorites coming from parent
bodies that have remained unprocessed since the formation
of the solar system gives a unique window into the processes
operating in the early stages of planet formation. Very precise
measurements can be done in the laboratory, but the material
collected from meteorites falling on Earth has an unknown dy-
namical history and comes with large and unknown sampling
biases. The full potential of such measurements can there-
fore only be realized when put into a global context through
the use of astrophysical models that provide the larger pic-
ture wherein the results can be interpreted. Primitive mete-
orites are mostly composed of quasi-spherical glassy chon-
drules formed by transient heating events in the protosolar
ar
X
iv
:1
90
3.
12
27
4v
2 
 [a
str
o-
ph
.E
P]
  1
7 J
ul 
20
19
2 Haugbølle et al.
disk; refractory inclusions, such as calcium aluminum rich
inclusions (CAIs), formed by condensation from a hot metal-
rich gas; and fine-grained matrix material.
From detailed numerical modeling (Kuffmeier et al. 2016)
and simple estimates of the mixing time-scales of the pre-
stellar material, there is strong evidence that the very early
evolution was dominated by accretion from a well-mixed in-
ner part of the pre-stellar core. At later stages, past the first
100 kyr, corresponding to material originating from outside
the inner ∼4000 AU of the pre-stellar core, matter may have
been isotopically distinct.
This is supported by the isotopic composition of nucleosyn-
thetic tracers such as 54Cr in chondrites and their components,
suggesting the existence of three distinct disk reservoirs (War-
ren 2011). The ordinary and enstatite chondrites, character-
istic of the inner solar system based on their water content
(Morbidelli et al. 2012), are depleted in 54Cr relative to Earth
(Trinquier et al. 2007; Qin et al. 2010). The metal-rich chon-
drites, which are thought to have formed beyond the orbit
of Saturn, are systematically enriched in 54Cr, whereas the
rest of the carbonaceous chondrites, which are predicted to
have formed in between Jupiter and Saturn, contain a mix-
ture of material with isotopic signatures characteristic of the
inner and outer solar system (Olsen et al. 2016; Budde et al.
2016; Bizzarro et al. 2017b; van Kooten et al. 2017; Scott
et al. 2018).
These isotopic variances are also recorded in the titanium
isotopes of the bulk chondritic material (Trinquier et al. 2009).
U–Pb dating of individual chondrules shows a large age span
of up to 4 Myr for individual chondrules inside a single chon-
drite (Bollard et al. 2017). The chondrule ages taken together
with the isotope measurements for individual chondrules and
bulk chondritic material support the idea that distinct reser-
voirs already existed very early in the solar system.
From absolute U–Pb dating, it is well established that CAIs
formed very early at the birth of the solar system (Connelly
et al. 2012). Moreover, the CAI factory must have operated
for a short time interval of a few thousands of years based on
the 26Al–26Mg systematics of individual CAIs (Larsen et al.
2011; Jacobsen et al. 2008). Refractory inclusions formed
very close to the proto-Sun, where the necessary high den-
sities and temperatures required for condensation and high
levels of irradiation recorded by the former presence of 10Be
in the gas reservoir were present (McKeegan et al. 2000;
Wielandt et al. 2012; Gounelle et al. 2013). But, remark-
ably, CAIs are almost exclusively found today in carbona-
ceous chondrites that are thought to have accreted in the outer
solar system. The mass abundance of CAIs range from sub-
percentage up to almost 10% for certain CK, CV, and CO
chondrites (Hezel et al. 2008). In contrast, only a handful
of CAIs are known in inner solar system ordinary chondrites
(OCs), and the titanium isotopic ratio in bulk material from
OCs only allows for a relative bulk CAI mass fraction of less
than 0.1%. This low abundance region also includes enstatite
chondrites, as well as Mars and Earth (Trinquier et al. 2009).
The dichotomy in the abundance of CAIs can be understood
in a scenario where CAIs were accreted by the proto-Sun
right after their production, or sent out in outflows that pro-
pelled them either out into the interstellar medium or far out
into the protostellar envelope (Shu et al. 1996; Liffman et al.
2016; Haugbølle et al. 2017; Scott et al. 2018) from where
they were transported back, as part of the general gas infall,
toward the outer solar system. The vertical transport in the
disk needed to embed CAIs in the outflow are in accordance
with the cooling times of 1–10 K / hr found in laboratory ex-
periments to be necessary for creating refractory condensates
with properties similar to Type B CAIs (Richters et al. 2002).
This could be achieved by formation in an optically thick en-
vironment, with subsequent transport away from the region,
but has to happen faster than on orbital or viscous timescales.
Once CAIs are reinserted into the outer disk as part of the en-
velope inflow, they start to drift inward until stalling at local
extrema in the gas pressure because of gaps in the gas distribu-
tion opened by the gas giants. Alternatively, it has been pro-
posed that CAIs were transported outward in the disk through
turbulent diffusion, as part of meridional flows (Cuzzi et al.
2003; Hughes & Armitage 2010), or in a viscous spreading
disk (Yang & Ciesla 2012; Nanne et al. 2019). While also
resulting in transport of CAIs to the outer part of the protoso-
lar disk, these mechanisms confine the CAIs to the protoso-
lar disk, and the viscous transport at much lower speeds than
through outflows would result in lower CAI cooling rates. In
such a model, the CAIs are confined to the disk, and this
implies significantly shorter drift timescales and correspond-
ingly shorter timescales for forming the gas giants and estab-
lishing dust traps such that CAIs do not reenter the inner solar
system (see, e.g. Desch et al. 2018, that requires formation the
core of Jupiter in 0.6 Myr). Differentiated planetesimals are
suggested to have accreted within a few ×105 years of CAI
formation (Schiller et al. 2011; Kruijer et al. 2014; Schiller
et al. 2015; Larsen et al. 2016) and outward diffusion of CAIs
through the protosolar disk would result in the addition of re-
fractory material within early formed planetesimals. How-
ever, the 54Cr–50Ti systematics of inner solar system bodies
allow for very little CAI material in their precursors, imply-
ing that outward transport through the disk may not have been
the dominant mechanism (Olsen et al. 2016; Bizzarro et al.
2017a).
A summary of the different processes and how they pertain
to the circulation of matter in the early protosolar system, if
CAIs are circulated by outflows, is shown Figure 1. CAIs are
essentially unaltered since their formation. Therefore, they
are ideal tracers of the dust dynamics in the early solar system
that can be compared directly to dust grains in our numerical
models.
The existence of separate reservoirs recorded in the isotopic
composition of meteorites, combined with the general gap-
opening properties of gas giants, has led several authors to
suggest that Jupiter played a pivotal role in separating ma-
terial in the early solar system (Warren 2011; Van Kooten
et al. 2016; Kruijer et al. 2017; Ebert et al. 2018; Desch
et al. 2018), but quantitative models linking the cosmochemi-
cal constraints to physical disk models have not been explored
(except conceptually by Desch et al. 2018). The dust gap
opened by a giant planet is limited to larger particles, and the
ability of the planet to filter dust depends on the physical con-
ditions in the disk and the size of the grains, encapsulated in
the Stokes number introduced below. While passage will be
inhibited for large grains, small-enough grains stream through
the gap as part of the gas flow. Recently, Weber et al. (2018)
presented a detailed numerical study of the dust permeabil-
ity of planet-induced gaps. In the current paper, we specifi-
cally focus on the early solar system, extend the models to in-
clude two gas giants, and combine the numerical models with
cosmochemical evidence to probe the conditions near Jupiter
in the protosolar accretion disk assuming that CAIs trace the
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Figure 1. Sketch of the protosolar accretion disk, outflows, and envelope
including the processes operating in the early solar system together with the
production of CAIs and dynamics of dust grains. Notice that the CAI factory
is only operating at very early times, when the density in the envelope is
still high, and there is mixing among the jet, inner wind, and envelope in the
respective boundary layers. Timescales are for transport of dust grains.
general flow of dust and gas from the envelope and outer pro-
tosolar disk.
We have conducted a systematic search for CAIs in pol-
ished slabs extracted from the primitive L3.10 OC NWA
5697. We made low-resolution scans with a µ-X-ray-
fluorescence scanner to characterize the elemental distribution
and identify any large CAIs over large surface areas. This is
complemented by high-resolution scans across smaller areas
using a scanning electron microscope (SEM). Targeted mea-
surements are used for follow-up measurements on CAI can-
didates found in the low-resolution scans, and four serendipi-
tous high-resolution scans over different fields are conducted
to search for smaller CAIs, resulting in the detection of four
new CAIs in an OC. Combining these newly identified inclu-
sions with five CAIs in OCs already reported in the literature,
this allows us to put refined limits on the size distribution and
occurrence rate of CAIs in the inner solar system. Further-
more, the laboratory data are combined with a suite of numer-
ical disk models, which include gas, dust, and up to two gas
giants — Jupiter and Saturn — that inform us of the perme-
ability of the gap(s) as a function of dust grain size and of
important physical conditions in the disk.
With the combination of state-of-the-art numerical models
and systematic cosmochemical data, we can put limits on (i)
the surface density and viscosity of the accretion disk where
Jupiter formed, (ii) the relative sizes of the dust reservoirs in
the inner and outer solar system, respectively, and (iii) the ini-
tial orbital geometry of the gas giants in the early solar system.
In section 2, we list the governing equations of gas and dust
dynamics, introduce the three planetary configurations that
are considered, and describe the applied numerical methods.
Section 3 introduces the laboratory techniques and analysis
methodology. In section 4, we present both numerical and
laboratory results, and in section 5 we discuss possible impli-
cations for the early protosolar disk and the emergence of the
gas giant planets, before concluding in section 6.
2. PROTOSOLAR DISK MODEL
As witnessed by observations of nearby protoplanetary
disks (Williams & Cieza 2011), the main constituents of
the mass in a protoplanetary disk are in gaseous form.
We thus start by addressing the gas dynamics of the sys-
tem. More specifically, for the purpose of this study, we
consider a height-integrated, two-dimensional protoplanetary
disk model.
2.1. Gas Dynamics
The equations governing the dynamical evolution of the gas
in the context of an enhanced viscosity framework are the con-
tinuity equation and the Navier-Stokes equation:
∂Σg
∂t
+ ∇ ·
(
Σgu
)
= 0 , (1)
Σg
(
∂u
∂t
+ u · ∇u
)
= −∇P − ∇·τ − Σg∇φ − Σdfd . (2)
Here u = (ur, uϕ) denotes the gas velocity vector field, where r
and ϕ represent coordinates along the spherical radius and the
azimuth, respectively. As appropriate for an efficiently radi-
ating gas, the surface density, Σg, and the vertically integrated
gas pressure, P, are assumed to be related via the isothermal
sound speed, cs, according to P = Σgc2s . Moreover, the vis-
cous stress tensor has its standard form, that is,
τ ≡ Σg ν
[
∇u + (∇u)T − 2
3
(∇ · u)1
]
, (3)
where 1 denotes the identity matrix and ν is the (enhanced)
kinematic viscosity. The last term in the momentum equation
is due to the frictional force fd exerted onto the gas by the
presence of dust, itself described by a surface density Σd.
We now consider the basic disk structure that results from
assuming that the gravitational potential, φ, is determined
solely by the stellar mass M∗ at the coordinate origin, that
is, φ = φ∗ ≡ −GM∗/r, where G is the gravitational constant.
To parameterize the level of disk turbulence in simple terms,
we use the dimensionless α-parameter description of the vis-
cosity (Shakura & Sunyaev 1973)
ν ≡ αcshr . (4)
Here h ≡ HP/r is the aspect ratio of the gas disk, which com-
pares the pressure scale height HP = cs/ΩK, where ΩK =√
GM∗/r3 denotes the Keplerian angular frequency, to the or-
bital radius. We further assume that Σd  Σg so that the so-
called feedback term −Σdfd in Equation (2) is negligible1.
Under the previous considerations, we seek steady-state so-
lutions of the equations of motion for the gas assuming a ver-
tically isothermal disk and power-law profiles for both the sur-
face density and temperature, such that
c2s (r) ∝ rq¯, Σg(r) ∝ r p¯ . (5)
1 We note that even though the location of the outer pressure maximum
created by a planetary gap changes with this approximation, the dust transport
properties to the inner system remain mostly unaffected (Weber et al. 2018).
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Following Pringle (1981), the gas surface density of a thin
disk in steady state can be linked to a constant accretion rate,
M˙, and the viscosity, ν, via
Σg =
M˙
3piν
. (6)
On the other hand, the accretion rate can also be written as the
mass flux through a ring at a certain distance r to the star as
M˙ = −2pir Σg ur , (7)
providing an expression for the radial gas velocity
ur = −3ν2r . (8)
In the case of Keplerian rotation, we require q¯ + p¯ + 3/2 = 0
for the accretion rate to be constant as a function of radius.
In general, the azimuthal velocity of the gas deviates from the
Keplerian angular velocity depending on the pressure struc-
ture of the disk. The steady-state solution of Equation (2)
when neglecting the contribution of the viscous term is
uϕ = vK
√
1 − η , (9)
with η ≡ −h2(∂ log P/∂ log r) ∼ h2 a small parameter describ-
ing the deviation from the Keplerian velocity vK = r ΩK.
2.2. Dust Dynamics
We treat dust as a pressureless fluid, which enables us to
describe its motion by the Euler equations:
∂Σd
∂t
+ ∇ · (Σdv + j) = 0 , (10)
Σd
(
∂v
∂t
+ v · ∇v
)
= −Σd∇φ + Σdfd . (11)
Here v = (vr, vϕ) is the dust velocity vector field and j repre-
sents a diffusive flux driven by the gradient in the dust con-
centration (Morfill & Voelk 1984):
j = −DdΣ∇
(
Σd
Σ
)
, (12)
with the combined surface density Σ = Σg + Σd. The diffusion
coefficient Dd defines the level of diffusivity and is assumed to
be equal to the viscosity of the gas Dd = ν, which is a sensible
approximation for small grains (Youdin & Lithwick 2007).
The equations of motion for the dust differ from those de-
scribing the gas, which can lead to a discrepancy in their ve-
locities and consequently to friction. In general, the friction
force exerted by the gas onto the dust constitutes a signifi-
cant contribution to the dust dynamics, also in cases where
it is negligible for the gas. For dust grains whose size, a, is
small enough compared to the mean free path between gas
molecules, λmfp, this interaction can be regarded as indepen-
dent collisions for which the coupling of dust and gas is de-
scribed by the Epstein drag law. This description is valid
if λmfp/a & 4/9 (Weidenschilling 1977a), which is fulfilled
in our case (λmfp = 1/(nσ) ≈ 100 cm). Here the fric-
tional force depends linearly on the difference in velocities
fdrag ≡ Cdrag(u − v) (Safronov 1972, p. 15; Whipple 1972),
and on the drag coefficient Cdrag = ΩK/St, which determines
the coupling strength. Cdrag depends on the Stokes number.
As we consider a height-integrated two-dimensional disk, we
use the Stokes number evaluated at the midplane
St =
aρmat
Σg
pi
2
, (13)
where ρmat is the material density of the solids. When St  1
there is a large contribution of the drag force, hence coupling
the motion of the dust tightly to that of the gas, whereas when
St  1 the drag force becomes negligible, and the dust de-
couples from the gas.
The velocity field for dust in steady-state motion within the
gaseous disk structure derived above can be approximated by
(Takeuchi & Lin 2002)
vr ≈ St
−1ur − η vK
St + St−1
, (14)
vϕ ≈uϕ − 12St vr , (15)
This shows explicitly that the dust motion depends strongly
not only on the gas dynamics (via the coupling to ur and uϕ)
but also on the gas density distribution (via the dependence of
St on Σg).
2.3. Planet–Disk Interaction
Up to this point, we have discussed the disk structure that
results from considering only the central stellar gravitational
potential, which we refer to as the steady-state unperturbed
gas disk. In the presence of one or more planets in the disk,
the gravitational potential in Equations (2) and (11) becomes
φ = φ∗ +
∑
i
φp,i , (16)
where φp,i is the potential due to planet i. In our treatment we
consider the planets to be point sources of mass mp rotating
in a Keplerian fashion at the fixed radius rp, that interact with
the disk solely through their gravitational potential
φp,i = −
G mp,i(
|r − rp,i|2 + 2
) 1
2
+
G mp,i
r2p,i
r cosϕ . (17)
Here the parameter  is the smoothing length, which takes
into account the (integrated) vertical extent of the disk for our
two-dimensional model (Masset 2002; Müller et al. 2012) and
avoids the singularity at r = rp. The second term in Equa-
tion (17) is the so-called indirect term and corresponds to a
noninertial acceleration term due to the astrocentric frame of
reference used.
2.4. Models of consideration
We are interested in the inward transport of solid material
through the orbital location of Jupiter in the early solar sys-
tem. Therefore, we set up the gas disk accordingly. Our fidu-
cial model corresponds to a nonflared disk (h = const), for
which we list the set of parameters in Table 1.
In this environment we investigate the effects of three dif-
ferent planetary configurations. Setup I includes the gravi-
tational potential of Jupiter in the disk located at the same
distance to the star as it is today. Setup II adds Saturn to the
configuration, also at its current orbital distance. To highlight
the effect of a different radial spacing between Jupiter and Sat-
urn, in Setup III we consider them to be in a 3:2 mean motion
resonance (MMR) to study the impact of this scenario on the
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Table 1
Fiducial model parameters.
Viscosity parameter α 3 × 10−3
Surface density slope p¯ -0.5
Temperature slope q¯ -1.0
Aspect ratio h 0.05
Stellar mass M∗ [M] 1
Accretion rate M˙ [Myr−1] 10−7
Material density ρmat [g cm−3] 3
Smoothing length  [Hp] 0.6
radial transport of solids. For this we reduce the orbital dis-
tance of Saturn accordingly. Setups II and III are motivated
not only to see the effect of Saturn but also to compare differ-
ent models of planet migration. Setup II implicitly assumes
that Saturn formed in situ or at least ended up at its current
location very early on; Setup III, on the other hand, is moti-
vated by the so-called Nice II model, where Saturn migrated
radially inward until it got locked in a resonance with Jupiter
(Levison et al. 2011).
2.5. Numerical setup
We solve the disk equations with embedded planets using
the publicly available code FARGO3D2 (Benítez-Llambay &
Masset 2016) in its multifluid extension accounting for dust-
to-gas coupling according to Benítez-Llambay et al. (2019).
We treat the multiple dust species as pressureless fluids.
This code solves the Navier-Stokes equations using finite-
difference upwind, dimensionally split methods, combined
with the FARGO algorithm (Masset 2000) for the orbital ad-
vection and a fifth-order Runge-Kutta integrator for planetary
orbits. The numerical setup used in this paper is similar to that
presented in Weber et al. (2018). We solve the equations de-
scribing our problem on a two-dimensional polar grid divided
in 1024 uniform azimuthal sectors. The radial domain of the
disk is set in the range r/rJup ∈ [0.25, 3.00], uniformly divided
over 512 cells. To be able to evolve a large set of models over
ten thousands of orbits, we ran the code exclusively on GPUs
using the University of Copenhagen HPC facility.
Because we are interested in finding out how much dust of
a putative reservoir that was initially located in the outer solar
system can be transported toward the inner solar system, we
initialize the dust distribution only outside of the gaps carved
by the planets:
Σd(r) =
{
10−20 if r < r˜
εΣg if r ≥ r˜ . (18)
Here ε is the dust-to-gas ratio that is set to ε = 0.01. Because
the influence of dust onto the gas is neglected, this value does
not qualitatively influence the outcome. In Equation (18) the
position r˜ is chosen such that it is well outside the gap of
the corresponding setup. For Setup I we hence chose r˜ =
1.5 × rJup, and for Setups II and III we chose r˜ = 2.5 × rJup,
where rJup is Jupiter’s semi-major axis.
We implement boundaries for dust and gas separately
because their mass fluxes can be vastly different. We set the
outer boundaries of the disk equal to the equilibrium disk
solutions for densities and velocities (see sections 2.1 and
2.2). We do the same at the inner boundary for the velocities
but adopt a zero-gradient boundary for gas and dust densities.
In order to avoid spurious reflections of the spiral wake
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Table 2
Summary of simulation sets.
Scenarioα Orbits Setup
Jupiter 3 × 10−4 45,000
Jupiter 6 × 10−4 20,000
Jupiter 10−3 20,000 I
Jupiter 3 × 10−3 10,000
Jupiter 10−2 10,000
J + S (in situ) 3 × 10−4 45,000
J + S (in situ) 6 × 10−4 20,000
J + S (in situ) 10−3 20,000 II
J + S (in situ) 3 × 10−3 20,000
J + S (in situ) 10−2 10,000
J + S (in resonance) 3 × 10−4 45,000
J + S (in resonance) 6 × 10−4 20,000
J + S (in resonance) 10−3 20,000 III
J + S (in resonance) 3 × 10−3 20,000
J + S (in resonance) 10−2 10,000
generated by the planets, we adopt damping buffer zones
according to de Val-Borro et al. (2006).
We study the evolution of the dust for different disk vis-
cosities and the three different setups that are summarized in
Table 2. We varied the number of Jupiter orbits for every setup
and viscosity level in order to analyze the dust density profiles
once a steady state has been reached in the inner disk. The re-
quired number of Jupiter orbits depends on the initial location
of the dust reservoir r˜ and the viscous evolution timescale of
the disk. The efficient use of GPUs enabled us to run the
simulations for the required many thousands of orbits while
including several dust species at once.
3. COSMOCHEMICAL EVIDENCE
Primitive meteorites contain a number of components:
nanometer- to micrometer-sized fine-grained partly preso-
lar material, termed the matrix; micrometer- to millimeter-
sized molten spherical chondrules formed by transient heat-
ing events in the protosolar nebular; and high-temperature
condensates, in particular CAIs, which originally formed as
condensates from a hot metal rich gas at the birth of the so-
lar system. The inventory and distribution of material in the
early solar system are shaped by the physical processes active
in the protosolar disk, the transport of material in the protoso-
lar system, and the raw material supplied in the accretionary
flow.
To constrain and compare our numerical models with the
laboratory data, we aim to identify material that has been
transported from the outer to the inner solar system. Chon-
drules originating from different reservoirs in the disk can be
identified through isotopic measurements that require a sig-
nificant laboratory effort. The identification of different com-
ponents in the chondrites is comparatively much simpler and
can be done in situ using X-ray fluorescence and SEM mea-
surements to generate a combination of elementary maps and
backscattering images. As such, we have used these tech-
niques to conduct a systematic search for CAIs in slabs from
the OC NWA 5697.
3.1. Laboratory techniques and data acquisition
We used a Bruker Tornado µ-X-Ray-fluorescence (µ-XRF)
scanner outfitted with a 30 mm2 silicon drift detector energy
dispersive spectrometer (EDS) and a Philips XL 40 SEM out-
fitted with a Thermo Nanotrace 30 mm2 lithium doped sili-
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Figure 2. Illustration of the automatized selection procedure. Magnesium
(red), calcium (green), and aluminum (blue) SEM scan in the area surround-
ing NWA 5697-3. Pixel size is 4.13 µm. The white lines mark areas with
aluminum-rich material. At the center of the marked box is a small CAI hid-
ing in an accretionary rim of a larger chondrule. See Figure 9 for a further
zoom-in of NWA 5697-3.
con EDS to perform X-ray emission mapping on two different
scales.
The Tornado µ-XRF is hosted locally at the Quadlab re-
search group at the Natural History Museum of Denmark.
It provides comparatively rapid and high-sensitivity mapping
by scanning the sample stage under an intense primary X-ray
beam, generated by a 50 keV 230 µA Rh tube. The X-rays are
focused by polycapillary optics to a ∼25 µm spot at the focal
point. This generates X-ray fluorescence within the sample,
typically providing 70,000–150,000 cps in the detector while
scanning broadly chondritic materials. We used a pixel dwell
time of ∼50–100 ms, corresponding to typically ∼6000 counts
pixel−1.
The XL 40 SEM at the Geological Survey of Denmark and
Greenland electronically scans a focused ≤1 µm 17 KeV and
∼60 µA electron beam across the sample surface, generating
X-ray emission from a comparatively smaller region of the
sample. This typically generates ∼10,000-20,000 cps in the
EDS, while simultaneously providing useful high spatial res-
olution backscatter electron (BSE) information from the sur-
face.
For the µ-XRF, the X-ray interaction volume and hence
the inherent spatial resolution are larger than the respective
primary beams, due to, e.g., scattering and fluorescence ef-
fects within the materials. The effective spatial resolution
is largely dependent on the characteristic X-ray energy be-
ing monitored, following their absorption coefficients within
the sample matrix, a parameter that broadly increases at lower
energies. This implies that typical k−α emission for light ele-
ments is emitted from a smaller volume than equivalent k − α
emission from heavier elements. We estimate that the effec-
tive resolution in the µ-XRF and the SEM is approximately 30
and 2 µm, respectively, for Mg, Al, and Si, and comparatively
higher for Ti and Fe. The lower resolution for Fe has implica-
tions for our CAI search algorithms in the SEM maps because
the stray Fe k − α X-rays from neighboring materials such as
Fe-rich matrix are more prone to appear during analysis of
essentially Fe-free materials.
3.2. CAI screening procedure and data analysis
Given the closed proprietary file format and the limited au-
tomatic quantification capabilities of the Bruker µ-XRF soft-
ware, we chose to visually inspect the maps for Al-, Ca- and
Ti-rich materials. Since this procedure was not sufficient to
confidently identify actual CAIs, all candidate materials were
subsequently mapped using higher-resolution SEM EDS for
final determination. We scanned and checked candidate ma-
terials from a total of ∼53 cm2 scanned with the µ-XRF across
three meteorite slabs.
The spatial resolution of the µ-XRF was furthermore insuf-
ficient to identify small CAI candidates, and we therefore also
carried out four medium-resolution ∼5µm pixel−1 SEM EDS
mappings totaling 4.1 cm2 in order to identify such materials,
and we reimaged candidates at higher resolution for follow-
up and confirmation. Given the large resulting data size and
the goal of making a complete inventory even at the smallest
CAI sizes, we supplemented manual candidate identification
with an automated screening algorithm.
We exported the data in the form of elemental weight abun-
dance maps, assuming typical oxide stoichiometry, i.e., Al in
the form of Al2O3, Ca in the form of CaO, and Mg in the
form of MgO. The subsequent automated analysis of the ob-
tained elemental maps was done in two steps. In the first step
we identified automatically pixels that could contain refrac-
tory material according to cuts that characterize the elemental
properties of CAIs. The following conditions are very gener-
ous in the selection of candidate refractory material and there-
fore guaranteed that we include all possible candidates:
• The mass fraction of Al has to be above 10%, and the
relative mass fraction of Al to Mg has to be larger than
1.5. This selects aluminum rich material
• The mass fraction of Fe has to be below 1%. This is to
find material that formed under reducing conditions.
Once all candidate pixels have been selected, we remove all
isolated pixels that have less than two neighboring selected
pixels and expand the resulting areas with two layers and ad-
ditionally several more layers to make areas convex and re-
duce the noise. This results in areas that are at least four pix-
els across, corresponding to a minimum length scale of 20
µm. The marked pixels are then inspected by hand to find
candidates for refractory inclusions based on the texture and
context of the material. The large majority of the selections
are metastasis in chondrules and aluminum-rich chondrules,
which can readily be excluded. This enables us to reliably
identify candidate inclusions with a diameter down to 20 µm
or 4 pixels in the electron microscopy images. The candidates
are then reexamined in targeted follow-up SEM images with
longer integration times and an elemental map resolution of
less than 1 µm. An example of an SEM image with refrac-
tory material selected with white contours is shown in Figure
2 highlighting the automatic marking of a small CAI that is
hiding in the accretionary rim of a larger chondrule.
4. RESULTS
4.1. Numerical models
A giant planet embedded in a protoplanetary disk exerts a
gravitational torque onto its surrounding environment. The
presence of the planet perturbs the azimuthal velocity uϕ of
the gas from its sub-Keplerian power-law profile from Equa-
tion (9). Figure 3 shows that just outside of the planet’s loca-
tion there is a sector in which the gas velocity becomes super-
Keplerian. While gas that is orbiting with a sub-Keplerian
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Figure 3. Azimuthal velocity profile of the gas disk in its azimuthal aver-
age. To highlight sub- and super-Keplerian regions in the disk, the velocity is
illustrated in comparison to the Keplerian velocity, and arrows are added to
illustrate the effect on the dust momentum. The snapshot is taken from our
fiducial model simulation of Jupiter after 10,000 orbits. The planet is located
at r = 1.0.
velocity decelerates the slightly decoupled dust and makes it
spiral inward toward the star (Adachi et al. 1976; Weiden-
schilling 1977a) a super-Keplerian angular velocity of the gas
produces the opposite effect. Here the friction exerted from
the gas onto the dust adds a positive contribution in the radial
and angular components of the dust velocity, seen in Equa-
tions (14) and (15). If this contribution becomes large enough
in comparison to the drag of the in-spiraling accreting gas,
the radial drift of the dust grains will stop at this distance to
the Sun, and if this condition is persistently complied with,
one speaks of the dust being trapped. Whether a dust trap is
established depends on the strength of the dust diffusion the
Stokes number of a dust grain, and therefore on its size and on
the underlying gas disk structure. To ensure that the planetary
gap in the gas structure is in a quasi-steady state, we first run
each simulation for 10,000 orbits before we introduce the dust
into the disk. We explore the consequences for dust transport
in the three different scenarios described in section 2.4.
4.1.1. Jupiter acting alone
The first case considers the effect of Jupiter on the trans-
port of dust. After evolving the gas disk including Jupiter
for 10,000 orbits at the planet location, we introduce the
dust following Equation (18). Figure 4 illustrates the size-
dependent surface density structure of the dust after a further
10,000 orbits of dynamical dust and gas evolution. Note that
the surface densities are normalized to the gas surface den-
sity at Jupiter’s location in the unperturbed state of the disk,
Σ0 = Σg(rJup, t = 0). The plot displays the size dependency
of the transport to the inner solar system. For illustration we
choose a reasonable size range of dust grains, to sample the
regime where the dust grains start to become trapped at the
gap edge. The plot shows that small dust species almost re-
tain the initial dust-to-gas ratio in the inner disk, while for
larger sizes there is a clear depletion in the inner parts.
To quantify this effect, Weber et al. (2018) introduced a de-
pletion factor, ζ, as a function of dust size a. This factor ζ de-
scribes the ratio between the dust surface density at a location
in the inner system (which in this study is set to rin = 1.85AU)
after filtration by Jupiter and the dust surface density, Σˆd, of a
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Figure 4. Gas and dust surface density profiles after 10,000 Jupiter orbits for
α = 3 × 10−3. The gas and dust surface densities are normalized to Σ0, the
gas surface density at Jupiter’s location in the unperturbed state of the disk.
Notice that the numerical floor at a relative density of ≈ 10−18 does not have
any consequences for the results.
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Figure 5. Viscosity dependence of filtration. The figure shows the depletion
factor for filtration by Jupiter (Setup I). The number of planetary orbits of
each simulation can be looked up in Table 2. The dashed lines show the
corresponding fit to the data points, for which we assumed an error function
(see Equation 20). The parameters of this fit can be taken from Table 3.
disk without a planet:
ζ(a) =
Σd(a)
Σˆd(a)
∣∣∣∣∣∣
rin
. (19)
This allows the quantified comparison of several cases consid-
ering different viscosities. Note that, since we keep the stellar
accretion rate fixed throughout the simulations, Equation (6)
implies that Σ0 ∝ α−1, which gives us a direct connection be-
tween the gas surface density and the viscosity.
Figure 5 illustrates the depletion factor ζ for five different
α-values. The triangles display the results of the simulations,
to which we fitted a function of the form
ζ(a) = A × erf[B × (a −C)] + D , (20)
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Figure 6. Gas and dust surface density profiles after 10,000 Jupiter orbits for α = 3×10−3. The left panel shows the outcome with Jupiter and Saturn at the radial
distances to the Sun of today, whereas the right panel shows them in a 3:2 orbital resonance. Note that the range of grain sizes changes one order of magnitude
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Figure 7. Viscosity dependence of filtration. The figure shows the depletion factor for filtration by Jupiter and Saturn (Setups II and III). The number of planetary
orbits of each simulation can be looked up in Table 2. The dashed lines show the corresponding fit to the data points, for which we assumed an error function
(see Equation 20). The parameters of this fit can be taken from Table 3.
Table 3
Parameters for Equation (20).
Setup α A B C D
I 3 × 10−4 6.9 × 104 -0.54 4.16 −6.9 × 104
6 × 10−4 4.3 × 105 -0.48 5.60 −4.3 × 105
10−3 11.5 -1.13 -0.15 −12.0
3 × 10−3 9.5 -1.25 0.15 -9.7
10−2 15.8 -1.10 1.18 -15.9
II 3 × 10−4 7.3 × 104 -0.62 2.07 −7.3 × 104
6 × 10−4 1.1 × 106 -0.65 2.97 −1.1 × 106
10−3 1.3 × 105 -0.57 3.49 −1.3 × 105
3 × 10−3 9.9 -1.96 -0.92 -10.2
10−2 9.9 -2.42 -0.49 -10.0
III 3 × 10−4 8.8 -1.18 0.04 −9.3
6 × 10−4 3.7 × 105 -0.69 4.25 −3.7 × 105
10−3 13.4 -1.19 0.69 −13.3
3 × 10−3 8.6 -1.53 0.76 -8.3
10−2 0.7 -2.35 0.98 -0.5
where erf is the error function defined by
erf(x) ≡ 1√
pi
∫ x
−x
e−b
2
db. (21)
The parameters [A, B,C,D] in Equation (20) are different for
each level of viscosity and planet setup and given in Table 3.
For the large majority of models, dust is efficiently filtered
at large sizes, which implies that ζ vanishes for a large grain
size, and therefore D = −A.
The depletion factor in Figure 5 shows that with higher vis-
cosity the filtering is shifted toward larger grain sizes, allow-
ing more and larger dust grains to be transported to the inner
solar system. The reason for this is twofold. First, in the case
of a higher viscosity, the gap is refilled by gas faster, making
it less pronounced. This benefits transport of the dust toward
the inner system, since the pressure gradient at the outer gap
edge is less steep and the gas surface density in the gap area
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Table 4
CAIs in ordinary chondrites
Chondrite Areal Size [µm2] Type Reference Comments
NWA 8276-1 600 × 400 Russell et al. (2016) Irregular
Semarkona 1805-2-1 ∼480 max dim Bischoff & Keil (1984) Fragmented rim, lens shaped
Semarkona 4128-3-1 320 × 130 Type A Huss et al. (2001) Irregularly shaped
Moorabie 6302-2-1 150 × 275 Huss et al. (2001) Compact CAI, lens shaped
Quinyambie 6076-5-1 50 × 120 Type A Russell et al. (1996) Fragmented
Moo 1 350 × 150 Ebert et al. (2018) Heavily altered, unknown precursor
Moo 2 240 × 260 Ebert et al. (2018) Heavily altered, possibly type B precursor
HaH 1 130 × 90 Ebert et al. (2018) Heavily altered, unknown precursor
HaH 2 190 × 160 Ebert et al. (2018) Heavily altered, unknown precursor
Sah 041 300 × 140 Ebert et al. (2018) Heavily altered, possibly type B precursor
Sah 196 100 × 80 Ebert et al. (2018) Heavily altered, possibly type B precursor
NWA 5697-1 225 × 180 Compact type A This work Melilite dominated
NWA 5697-2 50 × 40 Fluffy type A This work Heavily altered, contains anorthite and fassaitic pyroxene
NWA 5697-3 30 × 25 Pyroxene-hibonite This work Hibonite-pyroxene spherule with Ti-oxide
NWA 5697-4 30 × 25 This work Pyroxenitic fragment
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Figure 8. The α-dependence of the critical grain size above which filtra-
tion becomes efficient. The plot directly compares the three different setups.
Dashed lines show a best-fit power laws according to the corresponding for-
mula of Equations (23)–(25). In the case of MMR of Jupiter and Saturn, no
critical grain size was obtained for α = 10−2.
is higher, mapping even larger dust grains to a small Stokes
number according to Equation (13). The second reason is that
in our consideration the coefficient of dust diffusion Dd is set
equal to the gas viscosity. Hence, by increasing the viscosity
of gas we also increase the diffusivity of dust, also promoting
dust transport to the depleted parts of the disk. In the extreme
case of having no dust diffusion at all, the transport of dust is
considerably less efficient, as has been studied in Weber et al.
(2018).
4.1.2. Jupiter and Saturn acting in concert
An interesting modification of the previous setup is to in-
clude Saturn alongside Jupiter. Figure 6 shows the resulting
density profiles for the two different Jupiter–Saturn configura-
tions in the fiducial disk model described in section 2.4. In the
case of Jupiter and Saturn being at their current orbits (Setup
II), the gaps of the two planets are separated and the filtra-
tion works analogous to a connection in series. The pressure
gradient and related gap created by Saturn do not efficiently
trap any of the regarded dust grains, but the more pronounced
gap of Jupiter traps grains larger than a ≈ 1cm from the inner
region. Grains with a size of a / 1mm are not as strongly
affected by the filtration process, similar to Setup I.
In the case of Jupiter and Saturn entering a 3:2 MMR (Setup
III), their gaps cannot be regarded separately anymore. The
right panel of Figure 6 shows that the two gaps overlap and
that the presence of Saturn diminishes the overdensity that is
created just outside of Jupiter’s gap. An immediate conse-
quence of this is that the pressure gradient at the outer edge
of Jupiter’s and Saturn’s shared gap is less steep than in the
case of an isolated Jupiter, making the filtration less efficient
than in both previous setups and therefore permitting larger
dust grains to be transported to the inner system. This be-
comes even more apparent when comparing the left and the
right panels of Figure 7 where the filtering functions ζ(a) of
Setups II and III are displayed. The plots show that for any
given α-value the filter is shifted by about one order of mag-
nitude to larger grain sizes in the scenario of Setup III. For
the highest assumed viscosity α = 10−2 no complete filtration
was reached for the considered range of grain sizes. The rea-
son for this is that the produced pressure profile is not able to
efficiently prevent grains from diffusing through the gap ow-
ing to the large diffusion coefficient Dd. The assumption of
Dd = ν, however, could be an overestimate for large grains
that reach St & 1 at the planetary gap. Youdin & Lithwick
(2007) have argued that in those cases the diffusivity should
be modified to Dd = ν/(1 + St2), which would reduce the per-
meability of the gap for those grains.
4.1.3. Model comparison and critical grain size
The grain size dependency for the transport of dust has been
presented in the context of three different planetary configu-
rations. To describe the dependence of the filtration on the
model parameters in a more quantitative manner and be able
to compare the setups with laboratory data, we introduce a
critical grain size acrit above which the gap is filtering dust
efficiently:
ζ(acrit) = 0.1 × ζmax(a) (22)
In other words, we define the critical dust grain size as the size
for which the transport becomes only 10% as efficient as for
the most coupled dust species. We note that this convenient
definition is purely by choice and the threshold value 0.1 has
no specific physical significance, but as can be seen in figure 7
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Figure 9. Backscatter electron images (left) and magnesium (red), calcium (green), and aluminum (blue) elemental maps (right) for NWA 5697-1 (top row),
NWA 5697-2 (second row), NWA 5697-3 (third row), and NWA 5697-4 (bottom row). NWA 5697-1 is a Compact Type A composed primarily of Gehlenitic
mellilite (mel) with a thin intact multi-mineralic Wark-Lowering rim (wl). NWA 5697-2 contains anorthitic plagioclase (pl) and fassaitic pyroxene (px), which
seems to be embayed and/or replaced by fine-grained, more iron-rich material (fm). Given the convoluted texture, it could originally have been a fluffy type A.
NWA 5697-3 consists primarily of hibonite (hib) and fassaitic pyroxene (px), with a significant component of Ti-oxide(s) of uncertain mineralogy. NWA 5697-4
seems to be composed primarily of fassaitic pyroxene (px).
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the filtering is an exponentially steep function of size. There-
fore, changing this definition by using, e.g., 0.01 instead of
0.1 will increase the critical size by less than a factor of two.
Figure 8 shows the dependence of the critical grain size on
the viscosity of the gas. By fitting a power law to these values,
we obtain a function for the critical grain size, in terms of α,
for the three different setups:
Setup I: acrit(α) = 189 ×
(
α
10−3
)1.70
µm (23)
Setup II: acrit(α) = 740 ×
(
α
10−3
)1.00
µm (24)
Setup III: acrit(α) = 4086 ×
(
α
10−3
)0.93
µm (25)
While there is only one planet in Setup I (and therefore a com-
pletely autonomous gap) and a shared gap in Setup III, the
nature of the gaps in Setup II depends on the level of disk vis-
cosity. In the case of a high viscosity (α = 10−2) the same
result as for an isolated Jupiter is obtained, given that the po-
tential of Saturn is perturbing the disk only very locally. For
low viscosities, however, the filtration is less efficient than in
Setup I and the α-dependence in Figure 8 resembles more the
slope of Setup III, where the planets share a gap. Kanagawa
et al. (2016) investigated the dependency of the width of a
planetary gap, ∆gap, on the planet’s mass and location and the
disk parameters. They found from numerical studies that
∆gap = 0.41
(
MP
M∗
)1/2
h−3/4α−1/4rP . (26)
This shows that by reducing the viscosity the gap structure
grows not only in depth but also in width. In case of a high
viscosity the gaps of Jupiter and Saturn are rather narrow and
do not influence each other. The filtration imposed by Jupiter
is stronger than Saturn’s, and therefore the same value of ζ as
for the isolated Jupiter is found. For low viscosities, the gaps
grow in width, start to overlap, and consequently the transport
toward the inner system is enhanced compared to the stand-
alone Jupiter scenario. The critical value obtained from Equa-
tion (26) is α ≈ 5× 10−4, but as Figure 8 shows, the transition
between the two regimes is not abrupt but continuous.
The critical grain size is useful because it compares directly
to the upper size limit of CAIs found in chondrites that ac-
creted in the inner solar system. The model dependence of
the critical size allows us therefore to constrain the physical
conditions in the accretion disk and the planetary configura-
tion in the vicinity of Jupiter.
4.2. Refractory inclusions in ordinary chondrites
The result of the systematic scan of the slabs from the NWA
5697 is reported in table 4 together with refractory inclusions
in OCs known from literature (Bischoff & Keil 1984; Huss
et al. 2001; Russell et al. 1996, 2016; Ebert et al. 2018). An
additional collection of 24 CAIs in OCs was reported by Lin
et al. (2006). We chose not to include this dataset owing to
the heavily altered condition of the inclusions and the result-
ing risk of including false positives in the form of, e.g., Al-
rich chondrules in the combined dataset. After consideration
and follow-up measurements of more than 100 candidates, we
have identified one large CAI and three additional small CAIs.
BSE images and magnesium–calcium–aluminum maps of the
four identified CAIs are shown in figure 9.
With the µ-XRF scanner we surveyed 53 cm2 in three pol-
ished slabs from the OC NWA 5697 and found one large CAI
with an area of 0.0004 cm2 corresponding to a fractional areal
density of CAI material in OC slabs of δCAI, in = 7.5 × 10−6,
in accordance with other estimates of an areal density of less
than 10−4 (Scott & Krot 2005a). A similar estimate can be
made based on the 4.1 cm2 surveyed with the SEM. Here the
ratio becomes 8.5 × 10−6, which is in accordance with the
large-scale scan. Given that only four CAIs are identified, it
is not possible to quantify a size distribution, but the sizes and
relative abundance are consistent with what is found in CV /
CK chondrites, if CAIs larger than ∼200 µm are disregarded
in the CV / CK chondrite distribution (see, e.g., Hezel et al.
2008).
The largest of the CAIs, NWA 5697-1, is a compact type A,
which is already known from other OCs (see table 4). While
it is possible that the unaltered precursor of CAI NWA 5697-
2 was in fact a Type B or C igneous CAI, the first such CAI
recognized in OCs, the convoluted texture rather resembles
fine-grained CAI, which is our preferred interpretation. The
pyroxene-hibonite spherule NWA 5697-3 is, according to the
compilation of Scott & Krot (2014), the first CAI of its kind
recognized in OCs, and as such it extends the repertoire of
these meteorites. As such, the main type in the carbonaceous
chondrite CAI inventory not found yet in OCs is the type B
CAI that typifies CV chondrites and coincidentally the many
isotopic studies that rely on their typical large sizes and well-
defined mineralogy. Whether this absence is a result of the
suppression of large CAIs in OCs or the current small number
statistics is uncertain and a question that has to be resolved by
a larger-scale follow-up study.
After the submission of this study, Ebert et al. (2018) pub-
lished a new compilation of six CAIs in OCs with a geo-
metrically averaged linear size ranging from 90 µm to 250
µ sampled from three different OCs (HaH 335, Moorabie, Sa-
hara 98175) supporting the maximum CAI size found in NWA
5697.
5. DISCUSSION
In this section we link the results that we found from nu-
merical models to the obtained cosmochemical evidence. We
also outline possible shortcomings and how they may affect
the obtained results.
5.1. Constraining models with cosmochemical data
Equations (23) – (25) parameterize the critical sizes above
which the grains are blocked efficiently for entering the in-
ner solar system for the three different planet configurations.
They are based on simulations that all use a stellar accretion
rate of M˙ = 10−7 M yr−1. In the modeling framework viscos-
ity and the stellar accretion rate are kept as input parameters.
Together they determine the absolute value of the gas surface
density. Assuming a different stellar accretion rate as an in-
put parameter therefore modifies the the gas surface density,
which changes the coupling between dust and gas character-
ized by the Stokes number St ∝ a Σ−1g (see Equation (13)). To
keep the Stokes number and therefore the numerical results
invariant, a change in Σg results in a corresponding change
in the grain size a. Using the linear Σg – M˙ relation, we can
express the change in critical grain size as a function of the as-
sumed stellar accretion rate and by that extend the parameter
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space of acrit(α) in Equations (23) - (25) as
acrit(α, M˙) =
(
M˙
10−7 M yr−1
)
acrit(α) . (27)
This scale-free critical dust grain size is illustrated by black
dashed lines in the three panels of Figure 10.
5.1.1. Critical grain size and assumed stellar accretion rate
In Table 4, we presented cosmochemical measurements of
fragments of CAIs. These data and the assumption that CAIs
followed the inflow of material in the envelope located outside
of Jupiter’s orbit, at a time when Jupiter was already present,
suggest that the critical grain size is acrit = 100 – 300 µm.
Thirteen individual chondrules in OC NWA 5697 have been
dated using U–Pb absolute dating and record a time span cov-
ering from 0 to 4 Myr after the formation of the solar system
(Bollard et al. 2017). Either the core of the parent chondrite
body was built up fast, and then a thin surface layer of ma-
terial was added over 4 Myr, or chondrules were efficiently
stored in the inner solar system for extended time periods and
the parent body was only formed after 4 Myr. In either case,
the lack of refractory inclusions, compared to the prevalence
in CV and CK chondrites, indicates that Jupiter and/or Saturn
acted as an effective barrier over a long period of time.
As discussed below in section 5.2, if larger CAIs present in
the CV / CK accretion region were allowed to enter the ac-
cretion region of NWA 5697 not all would be lost through re-
processing of material, and we would have readily identified
them in our lower-resolution, larger-area scan. The absence
of large CAIs therefore has to be the result of active filtering
and not reprocessing. The exact amount of reprocessing could
shift the critical size, but the function is steeply declining (see
Fig. 5) and not too sensitive to the exact value of the critical
size. While a larger statistical sample is desirable, the absence
of large CAIs makes acrit = 100 – 300 µm a reasonable esti-
mate, given the sampling uncertainties discussed below.
Evidence from observations and models of star forming re-
gions suggests that typical stellar accretion rates during this
time span could be anywhere from 10−5 to 10−9 Myr−1, with
the accretion being toward lower values at later times. If the
core of proto-Jupiter was in place at the end of the Class I
phase, where the last of the envelope, together with the CAIs,
is being accreted, this range of accretion rates is presumably
lower and would be in the 10−8 Myr−1 range.
5.1.2. Exploring different planetary configurations
The purpose of Figure 10 is to directly compare the ob-
tained results from different numerical models to the value
of acrit suggested by the cosmochemical measurements. The
plots show the critical grain size and the initial gas surface
density at Jupiter’s location, Σ0, for combinations of α and M˙
according to Equation (27). The blue shaded area incorpo-
rates the estimate of acrit for CAIs of 100–300µm, while the
red shaded area indicates a range for the maximal accretion
rate, M˙ = 10−8 – 3×10−8, during the epoch where CAIs were
accumulating outside Jupiter in the protosolar accretion disk.
In our numerical models the gas disk is not self-gravitating,
and we therefore implicitly assume the disk to be gravitation-
ally stable for the entire computational domain. The hatched
part of the parameter space is where the Toomre parameter,
Q ≡ csΩK/(piGΣ), becomes smaller than unity – more specif-
ically, where Q < 1 at some point inside 16 au, which is the
upper boundary of the numerical disk model.
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Figure 10. Critical grain size as a function of model parameters. Downward
dashed black lines show the critical grain sizes obtained from the numerical
models for the case of Jupiter (Setup I: top panel), Jupiter and Saturn in situ
(Setup II: middle panel), and Jupiter and Saturn in MMR (Setup III: bottom
panel). Light-blue shaded areas highlight the critical size estimated from
the laboratory measurements, and diagonally upward dashed light-blue lines
indicate the unperturbed surface densities at the location of Jupiter. Light-red
shaded areas show the assumed maximum stellar accretion rate during the
epoch of free-streaming CAIs outside Jupiter.
We now examine the implications for different planetary
configurations in the context of the results presented in Fig-
ure 10. The top panel shows the case of Jupiter acting as the
only perturber in the disk (Setup I). The measurements of the
critical grain size and the assumption of the stellar accretion
rate mentioned above limit the viscosity to 2 × 10−3 . α .
Dust filtering in the early solar system 13
5 × 10−3 and suggest an initial gas surface density at Jupiter’s
location of 50 – 600 g cm−2. This is consistent with upper lim-
its for α found in accreting protoplanetary disks (e.g. Flaherty
et al. 2017, 2018) and also with the gas surface density level
proposed by the model of the Minimum Mass Solar Nebula
(MMSN; Hayashi 1981). The assumption that CAIs only re-
turn to the inner solar system at a later time when the stellar
accretion rate has already dropped to lower values demands
an even higher level of viscosity.
Adding Saturn to the setup at the location where it is today
(Setup II; middle panel of Figure 10) leads to similar results
to those in Setup I. The proposed value of α decreases and
centers on 6 × 10−4 . α . 4 × 10−3 and this planetary config-
uration allows Σ0 = 70–1000 g cm−2. With Jupiter and Saturn
in a 3:2 MMR (Setup III; bottom panel of Figure 10), a criti-
cal grain size of 100–300 µm can only be accommodated by
smaller stellar accretion rates, M˙, than indicated by the red
shaded area. In the classical picture, where the stellar accre-
tion rate is expected to decrease with time, this would suggest
that the filtering took place at a later stage, where M˙ had al-
ready reached smaller values such as M˙ ' 10−9 Myr−1. This
is only possible if CAIs returned to the inner solar system
at very late times, which is inconsistent with the protostel-
lar envelope almost having disappeared at the beginning of
the T Tauri stage of ≈1 Myr. It is also inconsistent with any
prolonged episodic accretion events occurring at later times.
Such events temporarily increase the accretion rate and vis-
cosity, which would allow outer solar system material with
larger grain sizes to pass through the gap. Therefore, this sce-
nario would require a fine-tuned evolution of the young solar
system with a large and low-density envelope where most of
the CAI material was dispersed to the outer edges, as well as a
prolonged period of low levels of accretion that proceeded in
a smooth manner, suggesting a quiet low-density birth envi-
ronment in a dispersed star forming environment comparable
to, e.g., present-day Taurus. This is at odds with the high
levels of short-lived radio nuclides, such as 26Al inferred to
be present at the birth of the solar system, which requires a
larger and denser star forming environment (Kuffmeier et al.
2016).
5.2. Overall distribution of dust
The critical size of CAIs in OCs gives clues to the over-
all dynamical properties in the protosolar disk, but in addi-
tion, the areal density of CAIs inside and outside of Jupiter
can inform us about the relative dust masses in the two re-
gions, if we make a number of reasonable assumptions. The
fractional areal density of CAIs in CK and CV chondrites is
δCAI, out = 4% – 10% (Hezel et al. 2008). The large CAIs that
we find in OCs have to be just at the turnover in the deple-
tion parameter, because otherwise we would find larger CAIs,
and on the other hand, if they were larger than the turnover,
we would not find any, given that the transition is relatively
sharp. Therefore, the depletion parameter for the large CAIs
has to be ζCAI = 0.01 – 0.001. Another factor that affects the
estimate is reprocessing. There is evidence that reprocessing
was widespread in the inner solar system from the abundance
of aluminum-rich chondrules that to some extent reflect re-
molten CAI material (Krot et al. 2010), the high occurrence of
chondrule fragments (Scott & Krot 2005b), and that younger
chondrules have evolved initial Pb isotope compositions (Bol-
lard et al. 2017). In addition, parent body impact heating pref-
erentially heats smaller grains and the matrix reaching local-
ized peak temperatures in the fine-grained material of more
than 2000 K for realistic impact velocities (Bland et al. 2014).
This could lead to additional in situ reprocessing of small CAI
material on the parent body. It is difficult to estimate the frac-
tion of large CAIs that survive intact, fCAI, before incorpora-
tion in a parent body. This cannot simply be estimated based
on the fraction of old and young chondrules in, e.g., NWA
5967, since the relative production rate or amount of raw ma-
terial available is unconstrained, as is the point in time when
CAIs reached the region close to Jupiter. An estimate can
be obtained by comparing the fraction of bulk CAI-like ma-
terial in OCs (< 2 × 10−3) to the fractional areal density of
intact CAIs (δCAI, in = 10−5), suggesting that the survival rate
is fCAI ≈ 0.01. We computed the upper limit for the pollution
by CAIs to the bulk mass of OCs by calculating the maxi-
mum (2σ) deviation of 50Ti in the OC Saint-Severin from
the 50Ti to the 54Cr–50Ti mixing line reported in (Trinquier
et al. 2009). The relative masses of the dust reservoirs inside
and outside of Jupiter, Min and Mout, can now be calculated as
Min δCAI, in = Mout ζCAI δCAI, out fCAI , (28)
which can be rewritten with probable values as
Min
Mout
= 0.5
(
ζCAI
0.01
) (δCAI, out
0.05
) (
fCAI
0.01
) (
δCAI, in
10−5
)−1
. (29)
Notice that this equation is only applicable in a steady-
state flow where sinks (planetesimals and accretion flow) and
sources (accretion from outside) are more or less balanced,
and therefore the result is only an order-of-magnitude esti-
mate of the dust reservoirs. That there are more or less equal
amounts of dust just outside and inside of Jupiter indicates a
relatively shallow surface density profile as used in the paper,
inside the considerable uncertainties in the estimate. It sup-
ports the overall theoretical framework of large-scale mass
transport outward at early times and the filtration of large
grains in planetary gaps at late times.
5.3. Limitations
In the numerical model dust is treated as a fluid, and we
simulated several dust species over many thousands of or-
bits. Still, not all relevant physical effects are included, and
there is also uncertainty about the detailed evolution history
of the young solar system that is not englobed by the mod-
els. The cosmochemistry data come with natural limitations
in terms of sampling bias and statistical weight. In the follow-
ing, the most important shortcomings are shortly outlined and
discussed.
Planetary growth and migration — ,—In the presented numeri-
cal studies we fixed the masses and orbital radii of Jupiter and
Saturn in time and are therefore not accounting for planetary
growth or considering planet migration scenarios. The quali-
tative effect of a growing planet can be seen in Weber et al.
(2018), where the permeability of the gap was studied for
different planet masses, showing that the filtration becomes
more efficient as the mass of the planet increases. Conversely,
the filtration would have been less pronounced at times when
Jupiter (and Saturn) were not yet fully developed. The treat-
ment in this work implicitly assumes that both Jupiter and
Saturn have already grown to their final masses at the mo-
ment when the filtration of CAIs becomes relevant. This is
motivated by expected rapid time-scales of runaway gas ac-
cretion (e.g. Pollack et al. 1996; Machida et al. 2010) that
suggest that the time span between a planetary core affecting
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the most susceptible dust particles and this core’s growth to a
gas giant planet is relatively short. Planet migration, i.e., plan-
ets changing their orbital radius, is an important mechanism
that might change the predicted filtration mechanism, but it
is outside the scope of this work. Both Duffell et al. (2014)
and Dürmann & Kley (2015) investigated the migration rate
of a massive planet in a viscous accretion disk, taking into
account the substantial gas flow through the gap created by
the planet. They found inward-directed migration for a single
planet that is not locked to the viscous accretion speed of the
gas. Dürmann & Kley (2015) showed that a migrating planet
deforms the gap structure in a way that the gas density profile
at the outer gap edge becomes less steep compared to fixed or-
bit simulations, which would lead to a higher permeability for
dust grains and shift the critical grain size of filtration to larger
values. In the case of Setup III, where Jupiter and Saturn en-
ter a 3:2 MMR and share a wide gap in the gas structure, the
migration behavior is more complex. Masset & Snellgrove
(2001) showed that in such a scenario the two planets can mi-
grate outward D’Angelo & Marzari (2012) pointed out that
the rate and direction of this migration strongly depend on the
assumed disk structure. The effect of an outward migration
of Jupiter and Saturn locked in a 3:2 orbital resonance has
been studied only recently by Marzari et al. (2019). They find
that the outward migration is promoting the transport of dust
from the outer reservoir to the inner system, making the filtra-
tion less efficient. In summary, it is not yet well explored, but
the literature indicates that dust filtering for migrating planets
could be less efficient.
Dust feedback and dust evolution — ,—As mentioned in sec-
tion 2.1 we do not consider the friction force feedback that is
exerted by the dust onto the gas in our models. Treating dust
as test fluids makes the results independent of the assumed
grain density and size distribution, while it does not strictly
conserve the total momentum. The approach is valid as long
as the local gas density is considerably higher than the dust
density. In pressure bumps, where dust can be trapped, it is
not always the case. However, as discussed in Weber et al.
(2018), while the location of the outer dust density peak is at
a slightly larger distance to the planet’s orbit, the filtering of
the dust at the gap remains unchanged when feedback is con-
sidered.
Further, dust grains can grow by coagulation and condensa-
tion or fragment and evaporate, replenishing a population of
smaller grains, but the effects of dust evolution are not in-
cluded in our study. This is not a limitation for the compari-
son of the numerical models to the laboratory measurements,
given that CAIs are unprocessed and have not interacted with
other grains; however, it demands caution when comparing
the CAI size distribution to the size distribution of solids in
general. Notice that in OCs there is ample evidence of re-
processing, and, e.g., aluminum-rich chondrules could have
been created by the reprocessing of refractory material, as dis-
cussed above.
Viscous disk evolution — ,—The α-model has to be regarded
as a gross simplification, and it moreover relies on a readily
available, robust source of turbulence within the disk. Turner
et al. (2014) provide an account of potential alternative trans-
port mechanisms. More recently, Kim & Turner (2018) have
explored the scattering of X-rays into gaps opened by Saturn-
and Jupiter-mass planets and arrive at the conclusion that the
magnetorotational turbulence is an unlikely scenario given
the resulting ionization state of the gap. More probably, the
Hall-shear instability (HSI; Kunz & Lesur 2013) may pro-
vide the means of accreting the gas in a laminar flow caused
by large-scale magnetic torques. It is important to stress that
transport of angular momentum by HSI or magnetocentrifu-
gal winds may invalidate the direct connection between α, M˙,
and Σ that we exploit in Equation (6). If additional sources
for transport of angular momentum exist, it becomes an upper
limit α < M˙ΩK/(3pic2s Σg). In magnetically decoupled regions,
purely hydrodynamic instabilities (such as the vertical shear
instability, VSI, Nelson et al. 2013; Umurhan et al. 2016) may
arise, but the redistribution of embedded solids (Stoll & Kley
2016), may deviate from a purely diffusive process. Neverthe-
less, Picogna et al. (2018) have recently studied the evolution
of particles in the vicinity of a planetary gap and have found
that the behavior of particles is very similar for the case of
a VSI turbulent disk and in laminar models with stochastic
kicks.
Models of the solar nebula — ,—The slopes of the surface den-
sity and temperature are set up to produce a steady-state disk
in the unperturbed limit with a radial dependence of the sur-
face density of Σg ∝ r−0.5. In some solar system models it
is argued that this slope is much steeper. One of the most
prominent models is the MMSN, for which distributing the
mass of the planets over the planetary disk leads to a slope
of Σg ∝ r−1.5 (Weidenschilling 1977b; Hayashi 1981) and in
a further study even Σg ∝ r−2.168 (Desch 2007). Apart from
changing the time-scales of dust grain drift and the viscous
disk evolution, this would be particularly relevant in models
that consider Saturn alongside Jupiter, given that it produces
a higher density contrast between the location of Jupiter and
Saturn. Consequently, there would be less relative gas density
at Saturn’s location than in our model – making the filtration
by Saturn more efficient.
Nevertheless, we assume a rather flat pressure profile to ob-
tain a steady-state solution in the unperturbed case, which is
important to implement adequate inflow and outflow values
in our numerical studies. Additionally, some observations of
gas tracers in protoplanetary disks suggest that the slopes de-
rived from the MMSN models are exaggerated (e.g. Williams
& McPartland 2016).
Evolution of the protosolar disk, and the mass accretion of the
gas giants — ,—The mass of the protosolar disk and the mass
of the planets evolve over time. The change in mass affects
the typical size of the grains being filtered. Numerical mod-
els (Padoan et al. 2014; Frimann et al. 2016; Kuffmeier et al.
2017) and observations (Evans et al. 2009; Miotello et al.
2016, 2017) of class I protostars and pre-main-sequence stars
show a wide variety in disk masses and accretion rates, but
with an overall decrease in both over time. As discussed
above, we have tried to be conservative about the maximum
size of the accretion rate, when estimating the surface den-
sity at Jupiter’s orbital location. On top of the secular trends,
the existence of episodic accretion events around other stars
is now well established both observationally and in models
(Hartmann & Kenyon 1985; Baraffe et al. 2009, 2012; Padoan
et al. 2014; Frimann et al. 2017; Johnstone 2017; Jensen &
Haugbølle 2018; Kuffmeier et al. 2018), and it is reasonable
to expect the young Sun to have had similar outbursts. These
episodic accretion events simultaneously increase the stellar
accretion rate and the average temperature, due to the sharp
increase in the luminosity, thereby increasing the viscosity in
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the disk. The net effect will be a temporary decrease of the
filtration efficiency and the allowance of larger dust grains to
pass through the gap. It is an open problem, though, whether
an event lasting a decade or a century will be enough to have
a significant effect on the total amount of CAIs, or how many
orbital times are necessary to effectively change the transport
properties of the dust grains. The evolution in the planetary
masses will also affect the filtering of dust grains, as can be
appreciated by comparing the different filtering efficiencies of
Jupiter and Saturn (e.g., Figure 8). If CAIs had arrived close
to Jupiter before it had built up a large fraction of its current
mass, CAIs larger than 100 µm should have had no problem
in passing through the gap. The absence of such objects in
OCs strongly suggests that Jupiter formed early and / or CAIs
arrived late. Notice, though, that because CAIs had to accrete
as part of the envelope, the arrival of CAIs at Jupiter cannot
have happened much later than 1 Myr after the formation of
the solar system.
Cosmochemical variance in OCs — ,—In our study we have
made an unbiased serendipitous high-resolution SEM scan in
four small areas of polished sections extracted from the OC
NWA 5697 covering in total an area of 4.1 cm2. This has al-
lowed us to identify CAIs in the 10 – 50 µm size range, but
it also leaves us with a large and unknown sampling bias. No
other study has targeted CAIs in OCs in this size range, and
consequently we do not know wheter the obtained size dis-
tribution and areal density of small CAI fragments are repre-
sentative for OCs as a meteorite class. In contrast, for larger
CAIs, the results are more certain. The larger area scanned,
covering three different slabs originating from NWA 5697,
gives a smaller sampling bias for this chondrite. The uncer-
tainty is still large, given that we only found one large CAI,
but the areal density is comparable to what has been asserted
in the literature for the areal density of CAIs in OCs (Hezel
et al. 2008; Rubin 2011).
6. CONCLUSIONS
We have explored what can be inferred from a dichotomy in
the abundance of refractory grains found in chondrites com-
ing from parent bodies that accreted in the inner and outer so-
lar system. With the hypothesis that this is a consequence of
the gravitational perturbation of Jupiter and potentially Sat-
urn, we performed long-term numerical modeling of a vis-
cous accretion disk with giant planets. The gap opening at the
planet location and related creation of a local pressure max-
imum result in a size-dependent filtering of dust grains. We
find that the critical grain size above which dust is accumu-
lated outside Jupiter can be characterized by the viscosity and
surface density in the disk, with a power-law dependence, and
an exponent that depends on the planet configuration and the
detailed description of the dust diffusion. As long as more re-
alistic models including angular momentum transport by out-
flows, a realistic temperature and density structure, and pos-
sibly migrating giant planets do not change qualitatively the
gas distribution, the basic picture will not change. But these
effects, together with possibly three-dimensional models, are
outside the scope of this paper and will have to be explored
in future works. Refractionary CAIs are ideal tracers of this
dynamics arriving at Jupiter as part of the general infall of gas
and dust from the envelope, because they are essentially un-
processed since their formation. To quantify the dichotomy,
we performed highly resolved µ-XRF and SEM scans of pol-
ished slabs from the inner solar system chondrite NWA 5697.
We found one large CAI in the 53 cm2 µ-XRF scan and three
small CAIs in the 4.1cm2 SEM scan, significantly increas-
ing the known inventory of CAIs in OCs. The measurements
support a critical grain size of 100 – 300 µm, which requires
the level of turbulent disk viscosity to be α . 5 × 10−3 and
suggests a surface density at Jupiter of ≈200 g cm−2, under
the assumption that the transport of angular momentum is en-
tirely due to viscous processes. The comparison of three dif-
ferent planet configurations lets us conclude that, in the imple-
mented framework, the scenario in which Saturn approaches
Jupiter close enough to create a compound gap requires a
high level of fine-tuning, and unreasonable model values to
be consistent with the laboratory results. Finally, compar-
ing the areal density of CAIs in OCs to that in carbonaceous
chondrites, we estimate that the dust mass in the protosolar
disk may have been distributed equally inside and outside of
Jupiter’s orbit, but we emphasize that this result comes with a
considerable uncertainty.
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